The accurate calculation of the isotropic (Jiso) and anisotropic (DJ) parts of indirect nuclear spin-spin coupling tensors is a stringent test for quantum chemistry, particularly for couplings involving heavy isotopes where relativistic effects and relativity -electron correlation cross terms are expected to play an important role. Experimental measurements on diatomic molecules in the gas phase offer ideal data for testing the success of computational approaches, since the data are essentially free from intermolecular effects, and precise coupling anisotropies may be reliably extracted in favourable cases. On the basis of available experimental molecular-beam coupling-tensor parameters for diatomic alkali metal halides, we tabulate known values of Jiso and, taking rotational-vibrational corrections to the direct dipolar coupling constant into account, precise values of DJ are determined for the ground rovibrational state. First-principles calculations of the coupling tensors were performed using a recently developed program based on hybrid density functional theory using the twocomponent relativistic zeroth-order regular approximation (ZORA). Experimental trends in Jiso and DJ are reproduced with correlation coefficients of 0.993 and 0.977, respectively. Periodic trends in the coupling constants and their dependence on the product of the atomic numbers of the coupled nuclei are discussed. Finally, the hybrid functional method is also successfully tested against experimental data for a series of polyatomic xenon fluorides and group-17 fluorides.
Introduction
Indirect nuclear spin-spin coupling (J-coupling) tensors are widely used, in the form of their isotropic average (J iso ), for structural elucidation in diverse areas of the chemical, [3] [4] [5] [6] [7] materials, 8, 9 and biochemical sciences. [10] [11] [12] [13] [14] The direct dipolar coupling constant (R DD ), which depends on the motional average of the inverse cube of the distance between two spins, is the key NMR parameter for providing internuclear distance information in solids, 15 and highly precise bond vector orientations relative to an overall molecular align-ment frame in liquid-crystal NMR of proteins and nucleic acids. [16] [17] [18] The orientation-dependent anisotropic part of the J-coupling (DJ) is also important, not only from a fundamental perspective, but also due to the fact that any measured ''effective'' dipolar coupling also contains a contribution from DJ, i.e., R eff = R DD -DJ/3. Consequently, R DD and DJ cannot be measured via NMR independently of one another. Although R DD is often much larger than DJ/3, particularly for light nuclei, 19, 20 there are several cases where the opposite is true, 20, 21 e.g., in I 2 , the value of DJ is more than 14 times that of R DD . 22 Also, available theoretical data on J-coupling tensors in molecules with heavy elements have for a long time indicated that DJ can be of the same order of magnitude or larger than J iso . 23 Thus, an a priori assumption of a small DJ/J iso ratio in a molecule should not be made without theoretical information or experimental data for related systems.
Experimental values of J iso measured in solids and solutions, while plentiful in the literature, are influenced by crystal-packing effects or solvent effects. These effects add an extra layer of complexity when attempting to interpret coupling-tensor information in a quantitative fashion. Reliable experimental values of DJ measured in solids or liquid-crystal solutions are scarce for several reasons, 15, 20 e.g., DJ may be much smaller than R DD , the need to have an independent measure of R DD to extract DJ, the need to account for how molecular motion will affect R DD , and symmetry considerations may simply increase the number of tensor elements to the point where these are underdetermined by the experimental data.
J-coupling tensor data available for diatomics from highresolution rotational 24, 25 or molecular beam electric resonance (MBER) 26 spectroscopies are beautiful examples of the highly precise benchmark information which can be measured experimentally. 21, 27 Since the experiments are carried out at low pressure on essentially isolated molecules of known structure, all of the usual problems associated with determining DJ (vide supra) are no longer an issue. The experimental data thus provide an excellent test for computational methods. Very good agreement between benchmark experimental values extracted from molecular beam data for select diatomic molecules has been obtained through multiconfigurational self-consistent field 21 or DFT 22 calculations. Recently, Cederberg and co-workers reported couplingtensor parameters for gaseous KBr and KI, making the potassium halides the first series of alkali metal halides for which a complete set of isotropic and anisotropic J-couplings are available with high precision. 28 On the theoretical front, quantum chemists have long had a great interest in the computation of NMR parameters, such as spin-spin coupling tensors. For example, see Pople's and Santry's early work on J-coupling. 29, 30 Because of the sensitivity of NMR parameters to the electronic structure of a molecule, including effects from approximations made, and the potentially formidable computational cost of high-accuracy correlated-wave-function-based methods, applications of first-principles-correlated theoretical methods have only become widespread after the development of efficient DFT implementations for molecules. 31 The availability of generally applicable DFT programs was soon followed by developments for DFT computations of NMR parameters, including methods to compute J-coupling. 23, 32, 33 The application to heavy atomic systems has met with particular challenges because of the need for a relativistic theoretical framework. 23 Indeed, relativistic effects on J-coupling can be spectacularly large due to the strong effects on the hyperfine integrals 34 and other relativistic influences. 35 In the DFT field, one of the first steps to incorporate relativistic effects in J-couplings was taken by Khandogin and Ziegler 36 with a Pauli-operatorbased method designed to obtain relativistically scaled hyperfine integrals. The method met with limited success because of the variational instability of the Pauli operator and was soon superseded by a variationally stable method based on the Zeroth-order regular approximate (ZORA) two-component Hamiltonian. 37, 38 Other recent two-component relativistic DFT developments for J-coupling include a modified infinite-order regular approximation (IORAmm) approach 39 and a second-order Douglas-Kroll-Hess method reported by Melo et al. 40 The ZORA code originally developed by Autschbach and Ziegler has been recently extended to allow for analytic-derivative two-component relativistic hybrid DFT calculations of J-coupling. 41 The method is applicable to atoms across the periodic table, including ''strongly relativistic'' ones such as Pt, Hg, Pb, or Tl, and supports a variety of orbital-based analysis methods, which can be used to determine chemically intuitive contributions to the coupling tensor. [42] [43] [44] The recent report of the development of the two-component hybrid ZORA DFT method for J-coupling 41 has been accompanied by benchmark computations of the reduced isotropic coupling K iso and the reduced coupling anisotropy DK for interhalogen diatomics and for the series TlX where X = F, Cl, Br, I. For these systems, experimental data for K iso and DK are available from microwave or MBER spectroscopy. 21, [45] [46] [47] [48] [49] [50] [51] For the TlX series, computations with the PBE0 hybrid functional 52 (25% HartreeFock exchange, this functional is a typical representative of the class of non-empirical hybrid functionals) yielded clear improvements over nonhybrid functionals for K iso and in particular for DK. The availability of this hybrid DFT method and the availability of experimental data for numerous other molecules 20, 53 (usually from MBER spectroscopy) have therefore motivated us to perform further computational studies of isotropic spin-spin coupling and coupling anisotropies with the aim of extending the available body of benchmark data, providing further validation of the theoretical method, its range of applicability, and its limitations, and re-evaluating some additional polyatomic systems studied previously where the application of an improved functional might be beneficial. We also use a combination of computational and experimental data to predict the J-coupling for the RbBr diatomic. This paper is organized as follows: following a brief presentation of the computational details, hybrid DFT results for polyatomic xenon fluorides and group-17 fluorides are presented and assessed compared with previous pure DFT results and experiment; 54 a detailed discussion of extracting all known available experimental spin-spin coupling-tensor data for alkali metal halides (MX; M = Li, Na, K, Rb, Cs; X = F, Cl, Br, I) is then presented, including a discussion of rovibrational averaging effects; relativistic hybrid DFT calculations of the coupling tensors for the MX series are presented and discussed in the context of the experimental data as well as pure DFT and Hartree-Fock results.
Computational details
All calculations were carried out with a developer's version of the ADF code. [55] [56] [57] Indirect nuclear spin-spin coupling tensors were calculated using the CPL module 33, 37, 38, 58 in its most recent incarnation where the scalar and spin-orbit functionalities were extended to hybrid functionals. 41, 52 The computation of the Hartree-Fock exchange-related terms for the unperturbed ground state and the coupling tensor make use of the density fitting machinery implemented in the ADF package. A ''bug'' that was present in the implementation has been corrected; details will be provided in an erratum to ref. 41 . Five sets of calculations were performed for the alkali metal halides: non-relativistic, ZORA scalar relativistic, ZORA spin-orbit relativistic, ZORA spin-orbit relativistic using a PBE0 hybrid functional with 25% HF exchange, 41, 52 and a Hartree-Fock ZORA spin-orbit relativistic calculation. The first three sets of pure DFT calculations used the VWN 59 local density approximation along with the Becke88-Perdew86 (BP86) generalized gradient approximation functional, and the VWN response kernel in the J-coupling calculations. These settings are similar to previous J-coupling studies that we have carried out 22, 37, 38 and were chosen for comparison with this previous work. For the PBE0 calculations, PBE 60 terms in the J-coupling calculations were included as detailed in ref. 61 (in addition to the HF exchange terms). Doubly polarized valence triple-z all-electron Slater-type basis sets optimized for ZORA calculations (TZ2P from the ADF basis set library) were used for all atoms as a starting point to derive the basis sets used here for the J-coupling computations: Functions with an exponent much higher than the nuclear charge Z were removed, if present, then four additional sfunctions with exponents 2Z, 3Z, 4Z, and 100Z were added along with an additional set of density-fit functions similar to the approach taken in ref. 41 . High-exponent s-functions are required for accurate calculation of spin-spin coupling tensors as was shown explicitly for relativistic computations in ref. 32 (note that, for elements heavier than those investigated here, a significantly more extended set of sand p-functions should be added 32 ). The J-coupling implementation used here is based on point nuclear charges and point nuclear magnetic dipoles. An extension of the program to include finite nucleus corrections will be reported in a forthcoming publication. All contributions to the coupling tensors were calculated for all molecules. In the twocomponent relativistic framework adopted here, these contributions are the relativistic analogs of the diamagnetic spin-orbit (DSO), paramagnetic spin-orbit (PSO), Fermicontact (FC), and spin-dipolar (SD) terms, the FC-SD cross term, as well as spin-orbit PSO-FC and PSO-SD cross terms. For details, we refer to some of the available review articles on relativistic NMR calculations 23, 62, 63 and the Discussion in this work. The hybrid DFT extension of the program is described in detail in ref. 41 . The computations yield the reduced indirect coupling tensor K along with its isotropic average. The molecules were oriented along the z axis (K zz = K || ; K xx = K yy = K ? ) and the tensor anisotropy DK obtained, as usual, as K || -K ? .
The reduced coupling tensor, K, which does not depend on the magnetogyric ratios of the coupled nuclei, is related to the J tensor as follows:
K tensors and J tensors were interconverted using the magnetogyric ratios found in ref. 64 .
Atomic coordinates for the structures of the xenon fluorides and group-17 fluorides were obtained from refs. [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] ; further details on the structures used are given in ref. 54 . Equilibrium structures of the diatomic alkali metal halides were obtained from the NIST Chemistry Webbook. 79 
Results and discussion
The PBE0 hybrid functional. Results for xenon fluorides and group-17 fluorides
In this section, we test the performance of the PBE0 functional and the augmented basis set on a series of polyatomic xenon, chlorine, bromine, and iodine fluoride molecules for which experimental isotropic coupling data are available. Results of ZORA-DFT spin-orbit relativistic calculations of the coupling tensors with a nonhybrid GGA functional are also available, 54 and enable an assessment of the differences in the results obtained through inclusion of a portion of exact exchange. One of the reasons why it is interesting to reinvestigate these systems with a hybrid functional approach is that their coupling constants tend to have significant contributions from the PSO mechanism. In a spin-free non-hybrid DFT approach, the paramagnetic mechanisms of J-coupling and nuclear magnetic shielding require a set of so-called ''uncoupled'' perturbed Kohn-Sham equations to be solved. The lack of ''coupling'' in these equations was for some time thought to be a DFT problem that requires specific cures 80 (see, however, ref. 81) . Although a spin-orbit relativistic framework generally leads to a set of coupled-perturbed Kohn-Sham equations, there are still no orbital currentdensity contributions in the perturbed Kohn-Sham potential to evaluate. This situation changes when a hybrid DFT framework is adopted (or within a formalism based on the current-density): already at the spin-free level of theory self-consistent contributions from the perturbed Fock operator need to be evaluated while solving the coupled perturbed Kohn-Sham equations for the PSO perturbation (likewise for the paramagnetic shielding). With spin-orbit coupling present, one also needs to pay attention to the treatment of the spin-density perturbation. Already in the initial implementation, 38 a so-called non-collinear approach was adopted, which has also been used for the hybrid functional computations performed in this work and in ref. 41 .
The hybrid functional results (with spin-orbit relativistic corrections) are presented in Table 1 , along with the experimental data for comparison. Analogously to the previously reported non-hybrid DFT results, good agreement is obtained in comparison with experiment (J iso ). This is demonstrated in Fig. 1 , where a plot of the calculated coupling constants vs. the experimental data yields a slope of 1.14 and a correlation coefficient, R 2 , of 0.99. Furthermore, a calculation of the root-mean-square-deviation (rmsd) between the computed results and the experimental data (where an average value has been used in the cases where a range of Jcouplings are available for a particular species) yields 389 Hz with the PBE0 functional and the augmented basis. Considering that the range in experimental coupling constants considered is on the order of 7200 Hz (the outlier XeF + was not included in the analysis), the rmsd represents only about 5% of this total range. Regarding the outlier, it has been pointed out by Bagno et al. that the experimental coupling constant for this system was obtained in superacids, thus there are good reasons to assume that the species present in solution have NMR parameters that might be significantly different from those of the isolated XeF + ion. 82 The contributions from the PSO and the FC + SD mechanisms to the total isotropic coupling constant for these molecules are consistent with the results obtained previously in that the PSO contribution is seen to increase with the number of lone pairs on the central heavy atom involved in the coupling. 54 There are some variations in the exact percentage contributions to K iso for the hybrid DFT results compared with the pure DFT results; however, overall, the two sets of results are consistent with each other.
The results obtained presently for xenon fluorides and group-17 fluorides demonstrate the utility of the relativistic hybrid DFT implementation for spin-spin coupling in obtaining the correct trends and magnitudes of calculated coupling tensors when compared with experimental data. The agreement with experiment is similar to the previously published non-hybrid DFT results, 54 if slightly worse. It should be kept in mind that both functional and basis set have been changed with respect to ref. 54 . Further improvement to the overall rmsd is likely to require consideration of the fact that most of the experimental data were recorded in solution while the calculations are for isolated molecules. In the following sections, the application of the theoretical approach to the challenging case of the alkali metal halides will be discussed. 
Experimental spin-spin coupling tensor data for diatomic alkali metal halides
Before discussing the calculated spin-spin coupling tensors for the alkali metal halides, we survey the available experimental data and extract new spin-spin coupling anisotropies. The hyperfine Hamiltonian used in analyzing molecular beam data for a diatomic molecule in the X 1 S þ electronic ground state is given below, using 133 Cs 19 F as an example 95
Here, the first term denotes the coupling between the nuclear electric quadrupole moment of cesium and the surrounding electric field gradient; the second and third terms denote the spin-rotation interaction between the nuclear spin angular momenta (I) of Cs and F and the rotational angular momentum of the molecule (note in this equation only, the symbol J is used for this purpose), with the spin-rotation constants given by c Cs and c F ; the fourth term denotes the tensor part of the spin-spin coupling between the two nuclei, with an interaction constant c 3 ; the fifth term denotes the isotropic part of the spin-spin coupling between the two nuclei, with an interaction constant c 4 ; the last two terms represent octupolar and hexadecapolar interactions for the cesium-133 nucleus, which are zero within experimental error. It is the c 3 and c 4 terms which are of interest in the present work.
The relationship between the parameters c 3 and c 4 , used in molecular-beam and high-resolution microwave spectroscopy experiments and R DD , DJ, and J iso , used in NMR spectroscopy, has been discussed previously. 21, 27 The relationships are summarized in the following equations:
where DJ = J || -J ? , and J || is the component of the indirect nuclear spin-spin coupling (J) tensor along the molecular axis, and J ? is the component of the J tensor perpendicular to the molecular axis. The direct dipolar coupling constant, R DD , is given by
where hr À3 i indicates a motional average of the internuclear distance.
Isotropic indirect nuclear spin-spin coupling constants (J iso , or c 4 ) have been reported for the following alkali metal halides: LiF, 96 LiBr, 97 LiI, 98 NaF, 99 NaCl, 100 NaBr, 101 KF, 102 KCl, 103 KBr, 28 KI, 28 RbF, 104 RbCl, 105 CsF, 95 and CsCl. 106 Often, the dependence of c 4 on the rotational-vibrational state is reported. The values summarized in Table 2 are typically for the ground state. The precision with which the values are known varies considerably. For example, the value for NaF is reported as 0 þ400 À100
Hz, 99 while the value for the ground rotational-vibrational state of RbF is 236.08 ± 0.29 Hz. 95 The relatively precise values range from a low of 9 ± 6 Hz for 39 Whereas the isotropic coupling constant is available directly from the parameter c 4 from fitting molecular-beam data, some further analysis is required to extract the value of DJ. As an example, the tensor spin-spin coupling data for 39 K 79 Br are analyzed. This is an interesting example, since the dependence on both vibrational and rotational states are available. 28 For the v = 0, J = 1 state,
The error bars are given in the original reference. For the The coupling constant has been averaged according to the procedure described in the text. 
where hxi and higher order terms result from an expansion of the term (1 + hxi) -3 . Here, x = (r -r e )/r e . The lengthy expressions for hxi n are available in the literature, and these depend on Dunham coefficients (a n ). We use the experimental values for a 1 , a 2 , and a 3 summarized by Noorizadeh and Nazari 108 for all alkali metal halides, and the values for a 4 and a 5 determined by the same authors through a recursion formula. The result for 39 K 79 Br is that R DD (v = 0, J = 1) is 62.67 Hz, i.e., a reduction in the equilibrium value of approximately 0.5%. Larger corrections on the order of several Hz are obtained for other molecules, particularly the fluorides (see Table 3 ). The largest percentage correction, about 0.9%, is not surprisingly obtained for the lightest molecule, LiF. We note that slightly different values of R DD (v = 0, J = 1) and DJ(v = 0, J = 1) are reported here for LiF compared with ref. 21 due to updated magnetogyric ratios 64 used in the calculation R DD (eq) and updated Dunham parameters used in the rovibrational correction. 108 Using the relationship between c 3 , R DD , and DJ (eq. [3] , the experimental value of DJ(v = 0, J = 1) for 39 K 79 Br is found to be 75.33 ± 1.49 Hz. Data obtained for all other alkali metal halides are reported in Table 3 . Although the rovibrational corrections to R DD are all less than 1% in this case, it is very important to perform such corrections to get accurate values of DJ, particularly due to the error propagation which is introduced into the values obtained due to the factor of three in eq. [3] . The precision in DJ which is obtainable in some cases is remarkable. For example, DJ for the ground rovibrational state in 133 Cs 19 F is 690.48 ± 2.57 Hz and that for 85 Rb 19 F is 415.12 ± 1.22 Hz, i.e., these errors of one standard deviation are as little as 3% of the total value of DJ. Clearly, such data represent a formidable challenge for theoretical chemistry methods of calculating NMR parameters. The data for these molecules are very well-suited for comparison to theoretical results, since the experiments are performed at low pressures, thereby approaching the idealized case of an isolated molecule treated in the calculations.
The only series of alkali metal halides for which there exists a complete set of precise experimental spin-spin coupling tensor data is the potassium halides. 28, 102, 103 This provides an opportunity to discuss the experimental trends in K iso and DK. Known periodic trends in spin-spin coupling tensors 21, 107 suggest that reduced coupling constants and coupling anisotropies should increase with increasing atomic number. This is indeed the case for the potassium halides, with K iso increasing from 109.40 Â 10 19 T 2 J -1 for KF to 213.13 Â 10 19 T 2 J -1 for KI (Fig. 2) . From the graph shown in Fig. 2 , the value of K iso for KCl appears to be quite imprecise; this is a result of the low magnetogyric ratios of 39 K and 35 Cl, which lead to small values of J iso . The measured value of c 4 for 39 K 35 Cl in fact has an error of only 6 Hz, but the mean value itself is just 9 Hz. 103 Also shown in the figure is the trend in the values of DK for the potassium halides. Again, an increase with increasing atomic number of the halogen is observed, e.g., DK(KF) = 236.73 Â 10 19 T 2 J -1 and DK(KI) = 769.55 Â 10 19 T 2 J -1 . Once more, the value for KCl appears somewhat anomalous simply due to the small magnetogyric ratios involved. The trend suggests that the true value of DK is at the upper end of the one-sigma error bar, i.e., DK is likely closer to 300 Â 10 19 T 2 J -1 rather than -331 10 19 T 2 J -1 . This implies that the value of DJ( 39 K, 35 Cl) is about 14 Hz and c 3 for the ground rovibrational state is about 24 Hz, which is close to the lower experimental bound of c 3 = 35 ± 12 Hz.
If the series MF (M = Li, Na, K, Rb, Cs) is considered, the proposed periodic trends are also supported by the available experimental data. The values of K iso and DK increase as the atomic number of the alkali metal is increased (vide infra). The relative anisotropy ratios, DJ/J iso , range from 111% in CsF to 361% in KI. The size of the indirect contribution (DJ) to c 3 relative to the averaged direct dipolar contribution (R DD (v = 0, J = 1)) ranges from 1.7% in LiF to 219% in KI. The trends are in agreement with the result observed for diatomic fluorides that the ratio DJ/R DD increases as one moves down a group in the periodic table. 21 It is therefore anticipated that the heaviest molecules, i.e., RbI, CsBr, and CsI, will exhibit the largest experimental DJ/R DD ratios.
Alkali metal halides: calculated coupling tensors
Presented in Table 4 are calculated values of K iso and DK for the twenty molecules. Results are shown for non-hybrid DFT calculations incorporating scalar relativistic effects, non-hybrid DFT calculations incorporating scalar and spinorbit relativistic effects, hybrid DFT calculations incorporating scalar and spin-orbit relativistic effects, and, for comparison to the limit of ''100% exact exchange but no electron correlation'', Hartree-Fock calculations with scalar and spin-orbit relativistic effects. If we consider some of the heaviest molecules in the set, it is noted that the effects from spin-orbit coupling in the coupling tensor can be quite large relative to the scalar relativistic values of K iso and DK. The spin-orbit effect (SO) on the coupling tensor may be analyzed by considering hyperfine matrix elements involving an s 1/2 atomic orbital (AO) on one atom and a p 1/2 AO on the other atom, as was done already a long time ago by Pyykkö and Wiesenfeld. 109 For instance, SO coupling causes an increasingly pronounced mixing between local s and p symmetries in bonding and antibonding orbitals as the nuclear charges increase. In addition, relativistic effects increase the hyperfine matrix elements for s 1/2 and p 1/2 AOs to a similar degree. As a consequence, the importance of the SO terms in the coupling tensor strongly increases as the atoms involved in the coupling become heavier. Further aspects of SO effects on Jcoupling tensors will be discussed below. For some systems, in particular when involving heavy p-block elements, the SO effect may not just be a small correction but a major influence that should not be ignored even when discussing qualitative trends. For the set of alkali halides, the spin-orbit effects for some of the heaviest systems cause large relative changes in the isotropic coupling constants. For RbI, where the SO effect is particularly large, the spin-free isotropic coupling is balanced by FC and PSO mechanisms of roughly equal magnitude but opposite sign, while in the SO case, the two mechanisms reinforce each other. Changes observed when comparing the coupling tensors obtained using the hybrid functional relative to nonhybrid DFT are also significant for most of the molecules. For example, in the case of CsBr, the value of K iso changes from 277.9 to 471.6 Â 10 19 T 2 J -1 and DK changes from 1715.4 to 1546.3 Â 10 19 T 2 J -1 . In general, for the molecules studied here, the effect of including some exact exchange in the functional is to increase the magnitude of K iso and decrease the magnitude of DK. The same trends were previously also found for spin-spin coupling tensors obtained for thallium halide diatomics. 41 There are significant differences between the results obtained using relativistic Hartree-Fock (HF) calculations and Non-hybrid DFT calculation, which includes scalar and spin-orbit relativistic effects. c Hybrid DFT (PBE0 functional, 25% exchange) calculation, which includes scalar and spin-orbit relativistic effects. Percentage contributions to K iso for the hybrid SO (25% exchange) calculations. The DSO contribution is less than 1% in all cases. e PBE-based hybrid with 50% HF exchange. See Conclusions section for a discussion.
those obtained using DFT (Table 4) . For K iso , the HF results are consistently higher than the hybrid DFT results. For the anisotropies, DK, the HF results are systematically lower than the hybrid results for all molecules studied. Although not necessarily expected, since the transition from PBE0 to HF entails the loss of all electron correlation contributions, this behaviour appears to represent mainly an extrapolation of the trend seen when going from PBE to PBE0.
According to Ramsey's non-relativistic theory, 26,110 the coupling tensor may be considered to result from a sum of contributions from various coupling mechanisms: the Fermicontact mechanism (FC), spin-dipolar mechanism (SD), diamagnetic spin-orbital mechanism (DSO), and paramagnetic spin-orbital mechanism (PSO). Within the two-component ZORA formalism, the formal separation between these mechanisms may be kept the same. Therefore, coupling mechanisms analogous to Ramsey's theory have been formulated, and we report the ZORA PSO and combined ZORA FC + SD terms, which contribute to K iso , in Table 4 . In addition, there are cross terms of the type PSO Â (FC + SD). 113 The contributions listed in Table 4 incorporate these spin-orbit cross terms. For reasons of efficiency of the program implementation, the FC and SD terms are usually not computed separately. Since both terms arise from the same electron spin -nuclear spin coupling mechanism, the division is somewhat arbitrary to begin with. We note that an actual ''contact'' term is absent in the more general relativistic picture, but it is formally possible to separate the spinmechanism operator into a generalized FC and SD term. 38, 114 In most cases, the couplings of the alkali halides are dominated by a positive FC + SD contribution, with a non-negligible negative PSO contribution. For LiF and KF, the breakdown of contributing mechanisms is in agreement with previous multiconfigurational self-consistent field (MCSCF) calculations. 21 It is reassuring that the present DFT results yield an interpretation of the spin-spin coupling mechanism that is similar to a correlated-wave-functionbased ab initio theory. We note in passing that the dominance of the electron-spin mechanism (FC + SD) is not always assured. For instance, non-hybrid ZORA DFT results previously reported for diatomic interhalogen compounds showed that in these systems, the coupling is more strongly dominated by the PSO mechanism. 22 Table 4 also includes cases where the PSO mechanism is as large or even larger in magnitude as the electron-spin mechanism (FC + SD).
Alkali metal halides: comparison of calculated results with experimental data
We have already emphasized that spin-spin coupling tensor results from molecular-beam experiments are excellent for comparison with calculated values because the experimental data are for essentially isolated molecules in the gas phase, and therefore, intermolecular effects are negligible. One of the issues to be addressed in comparing experimental and calculated spin-spin coupling tensor data is that of rovibrational averaging. The relationship between the value of a molecular property at the equilibrium geometry for a diatomic molecule, P(eq), and the value of the same property for a particular rotational-vibrational state, P(v,J), is to a lowest-order anharmonic expansion of the potential-energy surface and a quadratic expansion of the property (P) surface around the equilibrium geometry given by
Here, x is the reduced displacement, (r -r e )/r e ; B e and u e are spectroscopic constants specific to the molecule under study; a is the cubic force constant, equal to À1 À ða e u e =6B 2 e Þ; v is the vibrational quantum number, and J is the rotational quantum number. Derivatives of the coupling constants were estimated by carrying out hybrid DFT calculations with the bond length set to r e ± 0.01, ± 0.02 Å , and fitting the results to quadratic functions. Examples of the dependence of the calculated reduced isotropic and anisotropic coupling constants on bond length are presented in Fig. 3 . First and second derivatives of the reduced isotropic coupling constants are summarized in Table 5 .
The hybrid DFT calculated values of J iso were rovibrationally averaged according to eq. [6] and plotted against the experimental values (Table 2 and Fig. 4) . The averaging results in changes of at most 3.8% (for NaI), but in the majority of cases, the change in J iso is in the order of 1%. The plot shows an excellent correlation with the experimental data (R 2 = 0.9932) and a slope of unity (i.e., J iso (calcd.) = 0.9965J iso (exptl.) -14.576). The HF-SO (SO = spin-orbit) results underestimate the experimental data. If we consider again the data for the potassium halides (Fig. 2) , it is seen that the best agreement with experiment across the whole series is achieved with the hybrid-SO calculations. The HF-SO results follow approximately the correct trend; however, the results for KBr and KI in particular are overestimated.
The hybrid DFT calculations also reproduce the coupling anisotropies very well, as demonstrated in Fig. 4B for all available experimental data, and for the subset of the potassium halides in Fig. 2B . Considering all the molecules for which precise data are available, the fit obtained is described by DJ (calcd.) = 1.1038DJ(exptl.) -11.959; R 2 = 0.9765. The fact that the correct trend observed for K iso using the HF-SO results is fortuitous is emphasized here, where it is seen that this method does poorly at reproducing the coupling anisotropies compared with the hybrid DFT results. Shown in Fig. 5 is a plot of experimental and calculated values of K iso and DK as a function of the product of the atomic numbers of the coupled nuclei. Such correlations have been demonstrated previously, and are expected on the basis that all of the non-relativistic coupling mechanisms except FC depend on the expectation value of the electron-nuclear distance, hr À3 i. In the present case, the couplings are dominated by the FC + SD term, and this is likely one of the reasons for the increased scatter in the plot. Another reason, which has been discussed previously, is the somewhat anomalous value of hr À3 i for fluorine relative to the other halogens. 22, 41 Although there is more scatter in the correlation, even for calculated values, than has been observed previously for other series of diatomics, 21, 22 the overall trend of increasing K iso and DK roughly with Z (1) Z (2) is clear. This is particularly true for DK, where a stronger correlation is observed compared with K iso , along with somewhat less scatter.
On the basis of the available data, some estimates may be made of the coupling parameters for alkali metal halides, which are lacking experimental data. For example, shown in Fig. 6 is a plot of the available values of K iso for the alkali metal bromides (LiBr, NaBr, and KBr) as a function of Z (1) Z (2) , and also the available values for the rubidium halides (RbF and RbCl). Linear extrapolation of both datasets should converge to give the coupling constant for RbBr. If the data are ideal and the linear fits properly describe the data, the two lines should also converge to the correct value of Z (1) Z (2) for RbBr, i.e., 1295. As shown, the result is quite good and allows us to estimate the experimental value of K iso (RbBr) as (260 ± 15 111 They obtained some agreement with experiment for c 3 and c 4 for these molecules. However, rovibrational corrections were not performed in their study, and the J-coupling computations were performed with a non-hybrid ver- 102 The hybrid DFT result obtained presently is 51.0 Hz.
Conclusions
We have extracted experimental isotropic and anisotropic nuclear spin-spin coupling constants for alkali metal halides from molecular-beam data and used the results to analyze trends in coupling tensors and as benchmarks for assessing a new implementation of a hybrid density functional in a two-component relativistic framework. Detailed rovibrational corrections were used to determine reliable values of 5 . Plot of the reduced isotropic (Kiso) and anisotropic (DK) coupling constants for the alkali metal halides as a function of the product of the atomic numbers of the coupled nuclei, Z (1) Z (2) . Green triangles: experimental values of Kiso (Kiso = 0.2586Z (1) 
DJ.
The experimental values of J iso and DJ were reproduced quite well by ZORA relativistic calculations using the PBE0 hybrid functional, with slopes of 0.9965 and 1.104 and correlation coefficients of 0.9932 and 0.9765, respectively. The hybrid functional was shown to yield improved agreement with experiment compared with pure DFT methods. The effect of the hybrid functional has generally been to increase the magnitude of K iso and decrease the magnitude of DK relative to the pure DFT results. Hybrid DFT results presented for a series of xenon fluorides and group-17 fluorides indicate that the good agreement of the pure DFT literature values of ref. 54 with experiment was not accidental, since the results do not change dramatically when switching to the hybrid functional and the augmented basis set.
Although relativistic Hartree-Fock calculations, unlike the non-hybrid DFT calculations, reproduce the trend of increasing K iso with increasingly heavy halide, the magnitude of the trend is severely overestimated. Somewhat less of an influence from the HF exchange contribution is found for the coupling anisotropy where all the computational methods used here yield the correct sign of the trends and a similar magnitude. The large variations in the results with the amount of exact exchange indicate that self-interaction could be one of the more dominant sources of error in the DFT calculations on the alkali halides. One trend that we noticed was a consistently more ionic bond in the HF computations compared with hybrid DFT: both Mulliken and Hirshfeld charges were higher in the HF calculations by about 0.05 to 0.1. This means that the differences between HF and hybrid DFT are not only affecting the linear response of the exchange-correlation potential, e.g., via the ubiquitous self-interaction errors in the XC kernel, or in the form of deficiencies in describing excitations where a charge is transferred between atoms, which implicitly contribute to the J-coupling (consider a sum over excited states as in Ramsey's equation). The differences in the charges indicate that the ground-state electronic structure is also significantly affected by the choice of functional. The PBE, PBE0, and HF data of Fig. 2 suggest that for K iso of the potassium halides, a fraction of exact exchange in the functional somewhere in between 25% and 100% might lead to almost perfect agreement with experiment. For comparison with the HF and PBE0 data reported in this work, we have also employed a PBE-based hybrid with 50% exact exchange instead of the 25% used in PBE0. The computational results for the 50% hybrid shown in Fig. 2 (see also Table 4 ) confirm that the higher exchange fraction indeed improves the agreement with experiment. We note in passing that hybrid functionals with a 50% HF contribution are often used for computations of spectra and response properties with timedependent DFT (TDDFT) where the higher exact exchange fraction for instance compensates better, though not completely, for the well-known TDDFT charge-transfer problem and might help to reduce self-interaction errors. An investigation of the exact mechanism that leads to the improved results for the potassium halides is beyond the scope of this work. However, the data suggest that the J-coupling tensors of the alkali halides would be very useful for testing new approaches to circumvent the self-interaction problem in approximate density functionals.
Considering the calculated and experimental data for all alkali metal halides, a general correlation of the isotropic and anisotropic coupling constants with the product of the atomic numbers of the coupled nuclei is demonstrated. This correlation is not expected to be perfect given that both nuclei are varied, in contrast to previously demonstrated trends where one nucleus is fixed and the atomic number of the other nucleus is varied. Furthermore, the Fermi-contact mechanism, which is dominant in determining K iso in these compounds, does not depend directly on hr À3 i. On the basis of the experimental trends, the isotropic coupling for RbBr has been predicted. 
